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cDNA cloning and embryonic expression of mouse nuclear Epithelial cells have a polarized morphology with dis-
pore membrane glycoprotein 210 mRNA. tinct apical, lateral, and basal cell surfaces. The polarized
Background. In embryonic kidneys, mesenchymal cells con- state is crucial for several physiological functions of epi-vert into epithelium in response to an induction by the tip of
thelial cells [1–3]. It is therefore important to definethe ureter bud. Metanephric mesenchyme can also be induced
factors controlling the development and maintenance ofto convert into epithelium in vitro. It is a model system to
identify genes that could be important for epithelial develop- epithelial cell polarity. Although several such factors are
ment. known, our understanding of the genetic program that
Methods. By differential screening of a cDNA library made
triggers epithelial cell polarization is still fragmentary.from mesenchymes induced in transfilter cultures by embryonic
In the developing kidney, a conversion of mesenchymespinal cord for 24 hours, we selected cDNA clones representing
genes that were preferentially expressed in 24-hour–induced to epithelium occurs. In vivo, the tip of the embryonic
mesenchyme and not in uninduced mesenchyme. The sequence ureter epithelium induces the conversion, and because
of one clone was determined and used to obtain the sequence the ureteric tree branches repeatedly, new epithelialof a complete open reading frame. By Northern blotting and
sheets develop continuously during embryogenesis. Thein situ hybridization, the expression of the mRNA in embryonic
mesenchyme-derived epithelium gradually forms the dis-kidneys was determined.
Results. We report the sequence and expression pattern of tal and proximal tubules and the visceral and parietal
a marker for the 24-hour–induced state, mouse nuclear pore epithelium. The metanephrogenic mesenchyme can also
membrane glycoprotein 210 (mPOM210). The deduced 1886 be induced to convert into epithelium in vitro [4]. In theamino acid sequence shows a 95% identity to the sequence of
in vitro system, the gradual conversion of the mesen-rat gp210. Northern blotting revealed a single 7.5 kb mRNA
in 24-hour–induced mesenchyme, whereas message levels were chyme to epithelium can be accurately followed, and it
fourfold to fivefold lower in uninduced mesenchyme. In situ is possible to identify stage-specific markers for tubulo-
hybridization of in vivo development confirmed the preferen- genesis [5–9]. The in vitro induction of mesenchyme to
tial expression of mPOM210 in epithelial cells. In the kidney,
epithelium thus offers the possibility of identifying genesexpression was seen in both the epithelium derived from the
involved in the onset of epithelial cell polarization. Al-ureteric tree and the mesenchyme-derived epithelium. In other
tissues of 13-day-old embryos, expression was also confined to though several stage-specific markers for the conversion
the epithelium. In nervous tissues, the olfactory epithelium and process are known and in vitro assays suggest a role
walls of the lateral ventricle were the most prominently stained. for some of these markers [10–12], many aspects of theWeak expression was seen in the heart.
conversion process remain to be clarified. The impor-Conclusions. mPOM210 mRNA is an early marker for de-
tance of several genes for nephrogenesis has been con-veloping epithelial cells. Furthermore, our results suggest that
nuclear pore membrane proteins could be more cell-type spe- vincingly demonstrated by several gene targeting experi-
cific than previously anticipated. ments, but with few exceptions [13], these studies do not
directly address the issue of epithelial cell gene expres-
sion during the onset of cell polarization, but instead
clarify the molecular nature of the various heterotypicKey words: mPOM210, embryonic kidney, epithelial markers, differ-
ential screening, cDNA cloning, development. cell interactions [reviewed in 14, 15].
Currently, powerful techniques can be used to distin-
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methods have been used to identify some genes ex- CA, USA). Double-stranded cDNA was synthesized
from E14 kidney poly (A)1 RNA following the manufac-pressed in the embryonic kidney, but the expression pat-
turer’s recommendation. Marathon adapters were li-terns were either not reported in any detail by in situ
gated to both ends. Polymerase chain reaction (PCR)hybridization or by analyzing in vitro developmental
was performed with gene specific primer 59-TGCCGACstages [18, 19] or were shown to appear at late develop-
CACTATCTCCTTGAA-39 and the adaptor-specific pri-mental stages [20] or were expressed broadly [21]. So
mer DNA. Amplifications were carried out in the recom-far, markers up-regulated early during mesenchyme-to-
mended buffer, primers, traces of DNA, and 0.2 mm ofepithelium conversion have been identified by other
each dNTP (25 cycles at 968C for 20 seconds and 688Cmeans. We reasoned that it is of particular interest to
for 6 minutes) in a Progene thermocycler (Techne, Cam-identify genes activated during the first 24 hours of the
bridge, UK). We used the Advantage KlenTaq Polymer-mesenchyme-to-epithelium conversion. RNA was there-
ase mix (Clontech) together with the provided buffer.fore collected from uninduced mesenchyme from 11-
day-old mouse embryos and from mesenchyme induced
Sequencing and databases
in vitro by embryonic spinal cord for 24 hours. These
Generated fragments of RACE PCR were cleavedRNAs were used for differential screening, and cDNAs
with Eco R1/Bam H1 and subcloned into T/A vectorscoding for RNAs preferentially expressed at 24 hours of
(Invitrogen, Carlsbad, CA, USA). Sequencing was per-in vitro development were selected [22]. We have now
formed using T7 sequencing kit (Pharmacia, Uppsala,characterized one clone identified from such a screening
Sweden) according to recommendations, using vectorand provide the sequence of its mRNA. The sequence
specific primers and primer walking. Sequence reactionsencodes a 210 kDa glycoprotein of the nuclear pore
were run on 6% polyacrylamide gel in 0.5 3 TBE buffer.membrane, previously identified from rat [23]. This nu-
For sequence comparison and for open reading frameclear pore membrane glycoprotein is an unexpected
analysis, we used the BLAST search program (Basicmarker for early stages of epithelial cell polarization.
Local Alignment Search Tool) and open reading frame
finder (ORF Finder), via a network connection to the
METHODS National Center for Biotechnology Information (NCBI,
Bethesda, MD, USA).Tissues and organ cultures
Embryonic kidneys were dissected from 11-day-old hy- Northern blot analysis
brid mouse embryos [C57 black 3 Naval Medical Research Organs were snap frozen in liquid nitrogen, and total
Institute (NMRI) or 127 3 NMRI]. Metanephric mesen- RNA was isolated. Ten micrograms of the RNA were
chymes were microsurgically separated from the ureter denatured by treatment with glyoxal for one hour and
buds and were cultured in vitro for 24 hours in a transfilter electrophorezed on 1% agarose gel at 40 mV for four
system. Embryonic spinal cord was used as an inducer [4]. hours. After separation, RNA was blotted onto Zeta-
Induced and uninduced mesenchymes were collected for Probe GT membrane (Bio-Rad, Hercules, CA, USA)
cDNA library construction and total RNA preparation. and fixed by ultraviolet cross-linking with a Stratalinker
(Stratagene Corp., La Jolla, CA, USA). HybridizationcDNA library and differential hybridization
was performed with the Expresshybe system (Clon-
A phage l1149 cDNA library made from RNA of tech). Briefly, filters were prehybridized in express hy-
approximately 1200 metanephric mesenchymes induced bridization solution for 30 minutes followed by a one-
for 24 hours with embryonic spinal cord was hybridized hour hybridization at 688C with a mPOM 210 cDNA
with cDNA probes made out of 200 induced mesen- probe covering nucleotides 3518 to 4657 of the complete
chymes or 200 uninduced mesenchymes, as described cDNA sequence (2 3 105 CPM/ml hybridization solu-
[16, 22]. Clones reacting preferentially with cDNA repre- tion). Filters were washed in 2 3 standard saline citrate
senting induced mesenchyme were isolated. Clone 5, (SSC)/0.05% sodium dodecyl sulfate (SDS) at room tem-
which in Northern blotting preferentially reacted with perature for 40 minutes followed by 0.1 3 SSC/0.1%
RNA from induced mesenchyme, was sequenced and SDS at 508C for 40 minutes. A G3PDH cDNA probe of
used to obtain further clones from a cDNA library made 1.1 kb (Clontech) and a cDNA probe for histone 2A.1
from 11.5-day-old mouse embryo. Positive inserts were of 470 bp [22] were used as controls. Membranes were
subcloned and sequenced and were found to represent exposed to hyperfilm-MP films (Amersham, Arlington
the 39 end of the mRNA. Heights, IL, USA) at 2708C in the presence of intensi-
fying screens.
Rapid amplification of cDNA ends
In situ hybridizationTo obtain the complete 59 end of the sequence, we
used rapid amplification of cDNA ends (RACE), taking The Oligoe 4.0 software (National Biosciences Inc.,
Plymouth, MN, USA) was used to select oligonucleo-advantage of the Marathon kit (Clontech, Palo Alto,
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tides suitable for in situ hybridization. With the soft-
ware, we selected oligonucleotides that do not form
hairpin loops or stable dimers. To exclude binding to
other mRNAs, selected oligonucleotides were analyzed
against the NCBI GenBank Sequence database using
the BLAST program. No such homologies were found
for the selected 46-mer spanning from nucleotide 4797
to 4842 (synthesized by Scandinavian Gene Synthesis,
Ko¨ping, Sweden). In situ hybridization was performed
essentially as described [11].
Proliferation assay
Single-cell suspensions were prepared from whole
adult mouse thymus containing epithelial and hemato-
poietic cells and were incubated in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf se-
rum. Hydroxyurea (5 mm) was added to the medium,
and cells were incubated for 45 minutes to inhibit the
proliferation of thymus cells [24] as described [22]. After
freezing of cells, RNA was isolated from treated and
nontreated cells.
RESULTS
Identification of mPOM210 as a marker for the
induced state
A cDNA library made from 1200 mouse metanephro-
genic mesenchymes induced by the spinal cord for 24
hours was screened by radioactive cDNA made from
total RNA from uninduced and induced mesenchyme.
Clones hybridizing with only the probe made from in-
Fig. 1. Increased expression of mouse nuclear pore membrane glyco-duced mesenchyme were selected and characterized by protein 210 (mPOM210) mRNA during induction of metanephric mes-
Northern blotting. One of these (clone 5) preferentially enchyme in vitro. Northern hybridization for mPOM210 of RNA from
uninduced mesenchyme from 11-day-old embryonic mice (0 hr) andreacted with a single 7.5 kb mRNA when probed against
mesenchymes cocultured transfilter together with the inducer spinaltotal RNA from 24-hour–induced mesenchyme, but only cord for 24 hr (24 hr). Ten micrograms of total RNA were loaded into
weakly with RNA from uninduced mesenchyme (Fig. 1). each lane, and the same filter was hybridized with radiolabeled cDNA
fragments specific for mPOM210 and G3PDH.Densitometry suggested that mRNA levels were approx-
imately fourfold to fivefold higher in induced than in
uninduced mesenchyme. A labeled DNA probe of clone
5 was used to screen cDNA libraries. Obtained clones
Developmental expression of mPOM210 in kidneyswere sequenced and aligned to obtain the full-length
in vivosequence of the open reading frame. Sequence analysis
In situ hybridization of sections of 13- to 17-day-oldand comparison with databases revealed that clone 5
embryonic mouse kidneys revealed a preferential expres-represented a cDNA for mouse gp210, a glycoprotein
sion of mPOM210 mRNA in epithelial sheets. Expres-of the nuclear pore membrane (Fig. 2). At the amino
sion was noted in the ureteric tree, and even strongeracid level, the sequence identity to rat gp210 was 95%.
expression was noted in newly forming mesenchymalThe cDNAs also cover 10 bp of the 59 untranslated region
condensates and tubules (Fig. 4). At later developmentaland the apparently complete 1326 bp 39 untranslated
stages, in E17 mice, expression was broadly detected inregion (Fig. 3). Whereas the open reading frames of rat
the outer cortex in all epithelial sheets, as expected ofand mouse were identical in length, the untranslated 39
a marker for early stages of epithelial differentiation inregion for mouse was slightly longer than in rat (Fig. 3).
the maturing kidney (Fig. 5). Expression levels wereBecause newly found nuclear pore membrane proteins
highest in the newly forming tubules in the outer cortex.have been named POM proteins to emphasize their loca-
In addition, POM210 remained expressed in elongatingtion in the pore membrane (POM), we have named clone
5 mouse POM210 (mPOM210). tubules and collecting ducts in E17 mice (Fig. 5). The
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expression pattern does not correlate with areas of rapid be important for the onset of epithelial cell polarization,
but difficulties to obtain a sufficient amount of RNA forcell proliferation, which are not found in the medulla,
and are found more broadly in the cortical areas [25]. screening have limited its use. The main advantage of
differential display is that very little tissue material isThe time course study of mRNA levels in kidneys from
different developmental stages showed increased signals needed, but we emphasize that the choice of the probes
used for the screening may be more crucial than theup to embryonic day 15 and a significant decrease in
expression postnatally (Fig. 6). choice of the screening method. Here, we collected RNA
from 200 mesenchymes from uninduced mesenchyme
Expression of mPOM210 in nonkidney tissues of the and 24-hour–induced mesenchyme to perform a differ-
embryonic mouse ential hybridization screening of a cDNA library of in-
duced cells. We attribute the successful identification ofBy examining the expression of mPOM210 in embry-
onic mouse stage 13.5, we could confirm that the pattern an early marker to the stringent choice of the in vitro
stages used to make the cDNA library and the twowas confined to epithelial areas of most organs (Fig. 7).
Apart from kidneys (Figs. 5 and 6), intense signals were probes used for screening.
The number of genes shown to be differentially ex-detected in the liver and also in the epithelial cells in
other tissues, such as developing skin, lung, gut, and pressed in embryonic kidneys is already vast and cata-
logued in databases and reviews. Nevertheless, only apancreas (Fig. 7). In nervous tissues, the olfactory epithe-
few genes have so far been demonstrated to be up-regu-lium and walls of the lateral ventricle were the most
lated at the early stage in a similar fashion as mPOM210.prominently stained. Weak expression was also noted in
Late markers for kidney tubulogenesis, appearing onheart, and strong signals were seen in one vessel wall of
day 4 of in vitro development, include rab17 [26], andthe umbilical cord (Fig. 7). Corresponding to data of the
based on in vivo data, clusterin seems to be a similarkidney, no expression could be seen in mesenchymal
late marker [27]. Markers appearing on day two of incells such as primordium cartilage of the ribs or Meckel’s
vitro development include E-cadherin, laminin a1 chaincartilage (Fig. 7).
and its receptors, and desmosomal components [4, 10,
Cell proliferation assay 11, 28–30], and based on in vivo data, other cadherins
[12, 31] and secreted frizzled related protein 2 [20] mightTo confirm further that mPOM210 mRNA expression
be similar markers. Several components have beendoes not correlate with rapid cell proliferation, we exper-
shown to be present at even earlier developmentalimentally inhibited proliferation of a mixture of cells
stages, on day 1 of in vitro development [13, 30, 32, 33],from the thymus. Inhibition of DNA synthesis by hy-
but only a few of these are true markers for the onsetdroxyurea drastically decreased the mRNA levels of a
of epithelial development. No up-regulation of syndecanproliferation marker, histone H2A.1 mRNA (Fig. 8), but
mRNA during the first 24 hours of development hasdid not in any way alter the mRNA levels of mPOM210
been demonstrated by Northern blotting [32]. In con-or G3PDH (Fig. 8).
trast, nidogen-1 mRNA is clearly up-regulated at 24
hours of in vitro development, but it is nevertheless not
DISCUSSION a marker for epithelium, as it is made exclusively by the
We show that the induction of mouse metanephro- adjacent mesenchymal cells [33]. Laminin b1 and g1
genic mesenchyme increases the expression of nuclear chains are also up-regulated at 24 hours of in vitro devel-
POM glycoprotein 210 during the first 24 hours of in vitro opment but are produced both by mesenchyme and epi-
induction. A similar increase in expression was shown thelium [29]. Hence, only N-myc [25] and Wnt-4 [13]
during in vivo development. It is well known that the can be considered markers for the very early stage of
metanephrogenic mesenchyme requires only a 24-hour epithelial development. mPOM210 mRNA is a third
contact with spinal cord in vitro to subsequently respond such described marker, but its expression differs slightly
fully by conversion to epithelium. There are very few, from N-myc and Wnt-4 expression. mPOM210 is found
if any, signs of morphogenesis at 24 hours [5, 6]. Genes also at later epithelial developmental stages and also in
that initiate the conversion process should thus be up- the ureter epithelium and its derivatives. These findings
regulated at this stage. This conversion process thus re- could be convincingly confirmed by analyzing other tis-
sues. Intense expression was noted in liver epithelium,mains a promising system to identify genes that could
b
Fig. 2. Deduced amino acid sequence of mouse nuclear pore membrane glycoprotein 210 (mPOM210). The nucleotide and amino acid sequence
of mPOM210 are available from EMBL/GenBANK/DDBJ under accession number AF 113751. The corresponding rat sequence (EMBL/GenBANK/
DDBJ accession number Y00826) is written below the mouse sequence. The rat amino acid residues identical to mouse residues are shown as dots.
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Fig. 3. Comparison of the 39-untranslated region of mouse and rat POM210. Gaps were introduced in the rat sequence to allow optimal alignment.
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Fig. 5. In situ hybridization of mouse nuclear pore membrane glyco-Fig. 4. In situ hybridization for the detection of mouse nuclear pore
protein 210 (mPOM210) of kidneys from 17-day-old embryonic mice.membrane glycoprotein 210 (mPOM210) of kidneys from 13-day-old
A radioactively labeled mPOM210-specific probe was hybridized withembryonic mice. A radioactively labeled, mPOM210-specific probe was
frozen sections of embryonic kidneys. Dark field (A) and bright fieldhybridized with frozen sections of embryonic kidneys. Dark field (A)
(B) photomicrographs of a section from the developing kidney revealand bright field (B) photomicrographs of a section from the developing
a preferential expression of mPOM RNA in epithelial areas in the outerkidney (A) reveal a preferential expression of mPOM RNA in devel-
cortex, and continued expression in the elongating tubules and collectingoping epithelial structures. The arrows indicate expression in condensed
ducts in the medulla (arrows; magnification 310).mesenchyme (magnification 310).
levels reflected the increased proliferation rate. Severaland strong expression was noted in epidermis, gut, pan-
findings suggest that gp210 mRNA expression is not acreas, and lung epithelium. In addition, several areas of
marker of cell proliferation. The in situ hybridizationdeveloping brain and olfactory epithelium were positive.
pattern does not match the areas of cell proliferation.These findings raise the possibility that mPOM210 serves
Rapid proliferation as well as c-myc expression is foundsome control function during the onset and progression
broadly in the outer cortex [25]. This is in contrast toof epithelial cell development in general.
mPOM210 mRNA expression, which is found at highCell proliferation in the metanephrogenic mesen-
levels in only the epithelial parts of the outer cortex.chyme increases at around 24 hours of in vitro develop-
ment when confronted by inducer tissue [34]. Nuclear Moreover, mPOM210 mRNA was found both in the
collecting duct system and tubules at later developmentalPOM proteins are involved in discrete steps of nuclear
envelope reassembly during mitosis [35]. Therefore, we stages where cell proliferation or c-myc expression is low
[25]. Finally, when cell proliferation was inhibited in vitroconsidered whether up-regulation of mPOM210 mRNA
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Fig. 6. Time course study of mouse nuclear
pore membrane glycoprotein 210 (mPOM
210) mRNA expression during in vivo devel-
opment. Northern hybridization for mPOM
210 of RNA from kidneys of embryonic mouse
and newborn and adult mice. Ten micrograms
of total RNA were loaded into each lane, and
the same filter was hybridized with radiola-
beled cDNA fragments specific for mPOM210
and G3PDH.
in other cell types, no down-regulation of mPOM210 that the relative levels of some of the components vary
in different cultured cell lines [42]. The functional impli-mRNA could be seen, in sharp contrast to the down-
regulation of the mRNA for histone H2A.1, a prolifera- cations of the cell-type–specific lamin or pore complex
diversity are largely unknown and have not receivedtion marker.
The clear difference between mPOM210 mRNA ex- much attention. The nuclear pore is composed of the
pore complex attached to nuclear POM proteins [43–45].pression levels in epithelium and in other tissue compart-
ments in the developing kidney was unexpected for many Each pore is considered to consist of approximately 1000
molecules, with 50 to 100 molecularly different compo-reasons. In rat and humans, the molecule has been found
from many different cell types and is considered to be nents. Only 11 of these nucleoporins have been charac-
terized in vertebrates and about 30 in yeast [43–47]. Thean abundant protein of the nuclear pore membrane. Rat
gp210 (rPOM210) is considered to be a structural compo- nucleoporins interact with import and export molecules,
and several aspects of the nuclear import and exportnent of the nuclear pore membrane and, as such, may
be vital for the basic structure of the nuclear pore [36–39]. processes recently have been elegantly characterized
[48–50]. The nucleoporins also interact with the integralFairly precise estimations that each pore contains 25
molecules of nuclear pore membrane glycoprotein 210 nuclear POM proteins, but only three have been de-
scribed previously: rat gp210 [23, 36–38], rat POM121have been made [23], with no statements about possible
cell-type variations. Based on our RNA data, it is likely [51], and yeast POM152 [52]. These findings of mouse
POM210 expression provide clues that cell-type–specificthat several cell types in the mouse embryo express very
little mPOM210. However, our mRNA data suggest that nuclear pore membranes might exist.
Our experiments did not address the function ofthe amount may vary much in different cell types and
at different developmental stages. This issue should be mPOM210 in epithelial cells, and we can only speculate
about its possible role in epithelial morphogenesis. Theconfirmed at the protein level in further studies. To our
knowledge, very few reports thus far have addressed the initiation of epithelial morphogenesis is still poorly un-
derstood, and no “master genes” that start the processpossibility of developmental, cell-type–specific differ-
ences in the expression levels of nuclear POM proteins, have been identified. It is still unclear whether such mas-
ter genes coding for nuclear proteins exist for epithelialor other components of the nuclear pore complex for
that matter. Differential expression during development cells, but their proteins would have to be imported to
the nucleus. One example of factors that influences thehas been reported for nuclear lamina [40, 41]. For the
nuclear pore protein complex p62, it was recently shown expression of epithelial proteins is the LEF-1/b-catenin
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Fig. 7. Detection of mouse nuclear pore membrane glycoprotein 210 (mPOM210) transcript in the mouse embryo. Sections of 13.5-day-old mouse
embryos were hybridized with a mPOM210-specific oligonucleotide probe (A and B). The expression pattern is confined to epithelial areas of
several organs. Apart from the kidneys (K; Figs. 5 and 6), the transcript is also localized to epithelial cells of other tissues such as developing lung
(Lu), skin (S), liver (Li), gut (G), and pancreas (P). Intense signals are also detected in a vessel of the umbilical cord, and olfactory epithelium
(O) and in brain around the lateral ventricle (LV). Note that no expression was seen in mesenchymal cells such as primordium cartilage of the
ribs (PC) and Meckel’s cartilage (MC). Weak signals could be seen in the heart (H) and in walls of the fourth ventricle of the brain (F).
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Fig. 7. Continued.
complex. It influences E-cadherin expression and might found that the b-catenin binds directly to the “passive”
nuclear pore complex machinery rather than to the “ac-also suppress expression of mesenchymal extracellular
matrix proteins [53–55]. In a recent study designed to tive” import factors such as importin-a (also called
a-karyopherin/Srp1/NPI1) and importin-b [56]. Severaldemonstrate how the complex enters the nucleus, it was
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nuclear pore. Its role has not been much studied and it
is usually mentioned as a structural protein [37, 38]. In
one study it was shown that injected mRNA for antibod-
ies against the aminoterminal part of gp210 inhibited
nuclear import [39]. Such results can be interpreted in
many ways, but one possibility is that gp210 (POM210)
is involved in the transport process. A role of POM210
in transport was also recently speculated based on local-
ization studies [57, 58]. Genetic studies in mice may be
revealing, and with the mouse probes, such studies can
now be performed. A protooncogene CAN/Nup124 has
been shown to be a nuclear pore protein, and mice CAN/
Nup124 already die on embryonic days 4 and 5, as soon
as the maternal CAN is depleted [59]. It will be interest-
ing to test whether mPOM210 2/2 mice will have a
similar phenotype or whether mPOM210 deficiency in
selected epithelial cell types will affect the cells.
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